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 In this pa per we pres ent the re sults of cal cu la tions and anal y ses of the in te gral par ti cle re flec -
tion co ef fi cient of pho tons for oblique pho ton in ci dence on pla nar tar gets, in the do main of
ini tial pho ton en er gies from 100 keV to 300 keV. The re sults are based on the Monte Carlo
sim u la tions of the pho ton re flec tion from wa ter, con crete, alu mi num, iron, and cop per ma te -
ri als, per formed by the MCNP code. It has been ob served that the in te gral par ti cle re flec tion
co ef fi cient as a func tion of the ra tio of to tal cross-sec tion of pho tons and ef fec tive atomic
num ber of tar get ma te rial shows uni ver sal be hav ior for all the an a lyzed shield ing ma te ri als in
the se lected en ergy do main. An a lyt i cal for mu las for dif fer ent an gles of pho ton in ci dence have
been pro posed, which de scribe the re flec tion of pho tons for all the ma te ri als and en er gies an a -
lyzed.
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IN TRO DUC TION

In study ing par ti cle re flec tion from larger ob -
jects (such as walls, floors, etc.), the con cept of par ti -
cle albedo can be used [1-4]. In this view, re flec tion is
not strictly de fined as the re flec tion from a sur face
(sur face back scat ter ing), but as a com plete pro cess of
par ti cle pen e tra tion into a tar get ma te rial, its scat ter ing 
and ab sorp tion in the ob ject, and fi nally, back ward
emis sion of a part of ra di a tion from the bound ary sur -
face of the ma te rial, with the de creased en ergy and
from a point on the sur face dis lo cated re gard ing the
point of the pri mary beam in ci dence. This con cept in -
cludes sev eral ba sic and quite ac cept able sim pli fi ca -
tions of the phys i cal prob lem, thus en abling spa tial,
en ergy, and an gu lar dis tri bu tion of re flected ra di a tion
to be de ter mined in a sim pler way than re quired orig i -
nally by the to tal ity of the trans port task.

In te gral re flec tion co ef fi cients for dif fer ent
kinds of par ti cles can be pre sented as uni ver sal func -
tions within spec i fied ranges of in ci dent par ti cle en er -
gies. This means that a sin gle func tion can de scribe re -
flec tion of one type of par ti cles from dif fer ent tar get
ma te ri als and for dif fer ent par ti cle en er gies. Num ber
of pa pers have been pub lished on this topic [3, 5-11].

The re sults of these stud ies are sig nif i cant both meth -
od olog i cally and from a prac ti cal point of view. From a 
the o ret i cal stand point, the search for a uni ver sal def i -
ni tion of the re flec tion co ef fi cient is con du cive to find -
ing com mon me thod i cal means for study ing and de -
fin ing the het er o ge neous pro cesses of phys i cal
trans port. From a prac ti cal point of view, the de ter mi -
na tion of uni ver sal re flec tion co ef fi cients would re sult 
in the re duc tion of vo lu mi nous tech ni cal data now
needed, ta bles pres ently used in en gi neer ing man u als
and over all sim pli fi ca tion of their use [12].

In the pre vi ous ten years the au thors pub lished
sev eral pa pers [7-11, 13], in which anal y ses of pho ton
re flec tion were done and the uni ver sal be hav ior of the
in te gral re flec tion co ef fi cients was ex plored, based on
the re sults of the Monte Carlo sim u la tions of pho ton
trans port in a set of ma te ri als of in ter est. Those anal y -
ses cov ered the do main of in ci dent pho ton en er gies up
to 300 keV and were lim ited to nor mal pho ton in ci -
dence only. There are no sys tem atic re sults for the in te -
gral re flec tion co ef fi cients for oblique pho ton in ci -
dence in the low en ergy in ter val avail able in the
lit er a ture. Some re sults can be found in [12], but they
do not sys tem at i cally cover the range of in ci dent pho -
ton en er gies and an gles for dif fer ent tar get ma te ri als,
which is the sub ject of this pa per.
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METH OD OL OGY

We have made an at tempt to an a lyze the oblique
pho ton in ci dence us ing the ap proach and meth od ol -
ogy ap plied for the nor mal in ci dence, de scribed in [7,
10, 11, 13]. It is based on a three di men sional model of
a pla nar thick slab of ma te rial which is a tar get for a
nar row beam of monoenergetic pho tons. The pho ton
in ci dence an gle has been var ied from 0° (nor mal in ci -
dence) up to 90° (ex treme graz ing an gle, beam di rec -
tion very close to the tar get sur face) in the steps of 10°.
The pho ton in ci dence un der 90° has been mod eled us -
ing 89.5° in the sim u la tions, in or der to en able pho tons
to en ter the tar get ma te rial.

In this pa per we an a lyze the in te gral par ti cle re -
flec tion co ef fi cient (to tal num ber albedo) of pho tons
for re flec tion from dif fer ent shield ing ma te ri als (wa -
ter, con crete, alu mi num, iron, and cop per) for three
val ues of the ini tial pho ton en er gies: 100 keV, 200
keV, and 300 keV. The to tal num ber albedo has been
cal cu lated based on the re sults of Monte Carlo sim u la -
tions of the pho ton trans port, per formed us ing
MCNP4C code [14]. MCNP sim u la tions were run
with 107 pho ton his to ries, which en sured sta tis ti cal
un cer tainty of the re sults far less than 1% in all cases
(dif fer ent ma te ri als, dif fer ent ini tial pho ton en er gies,
dif fer ent in ci dence an gles). The num ber of re flected
pho tons leav ing the ma te rial in all di rec tions and with
all en er gies was de ter mined us ing the sur face cur rent
tally (type F1).

Monte Carlo re sults for to tal num ber albedo of
pho tons for oblique pho ton in ci dence were an a lyzed
us ing the pa ram e ter µ/Zeff, (where µ is the to tal
cross-sec tion of pho tons and Zeff is the ef fec tive
atomic num ber of tar get ma te rial), i. e., the albedo co -
ef fi cients are pre sented as func tions of the µ/Zeff pa -
ram e ter, as it was done for nor mal pho ton in ci dence in
ref. [11].

RE SULTS OF THE MCNP
CAL CU LA TIONS

The to tal num ber albedo for a given ini tial pho -
ton en ergy has been pre sented as a func tion of the pho -
ton in ci dence an gle. The val ues of the to tal num ber
albedo of pho tons for five se lected tar get ma te ri als, for 
three ini tial pho ton en er gies and for four se lected an -
gles of pho ton in ci dence are pre sented in tab. 1. Val ues 
of the pa ram e ter µ/Zeff, which cor re spond to the given
tar get ma te rial and ini tial pho ton en ergy, as de scribed
in [11], are also pre sented in tab. 1.

Val ues of the to tal num ber albedo of pho tons aN

for all the ma te ri als an a lyzed and for three in ci dent
pho ton en er gies E0, pre sented as func tions of the an gle 
of pho ton in ci dence  q0, are pre sented in figs. 1-3.

The re sults pre sented in tab. 1 and in figs. 1-3
show that the to tal num ber albedo in creases with the
in crease of the pho ton in ci dence an gle for a given tar -
get ma te rial and for a con stant ini tial pho ton en ergy E0. 
This is be cause pho tons en ter ing into the tar get me -
dium un der a small an gle to the sur face (large an gle to
the sur face nor mal) are not pen e trat ing into the ma te -
rial deeply, so if scat tered to wards the sur face, they
have a higher prob a bil ity to leave the ma te rial with out
un der go ing an other col li sion.

UNI VER SAL FUNC TIONS FOR TO TAL
NUM BER ALBEDO OF PHO TONS FOR
OBLIQUE IN CI DENCE

In our pre vi ously pub lished pa pers [10, 11] it
was shown that for nor mal pho ton in ci dence it was
pos si ble to pres ent the num ber and en ergy albedo of
pho tons as func tions of the mean num ber of pho ton
col li sions in the ma te rial or as func tions of the pa ram e -
ter m/Zeff, and that these func tions were uni ver sal for

V. L. Ljubenov, et al.: In te gral Par ti cle Re flec tion Co ef fi cient for Oblique ...
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2014, Vol. 29, No. 4, pp. 274-278 275

Ta ble 1. To tal num ber albedo of pho tons for four dif fer ent an gles of oblique in ci dence q0

Ma te rial E0

[keV]
µ/Zeff

[cm–1]

To tal num ber albedo aN

q0 = 10° q0 = 30° q0 = 60° q0 = 90°

Wa ter

100 0.165 0.40072 0.42514 0.52111 0.74195

200 0.136 0.41828 0.44569 0.55216 0.77810

300 0.118 0.40200 0.43078 0.54415 0.78297

Con crete

100 0.382 0.24204 0.26085 0.34287 0.59276

200 0.285 0.31051 0.33520 0.43872 0.70311

300 0.246 0.31081 0.33766 0.44889 0.72427

Alu minum

100 0.424 0.21814 0.23547 0.31351 0.56259

200 0.321 0.29114 0.31513 0.41751 0.68792

300 0.278 0.29659 0.32279 0.43334 0.71372

Iron

100 2.600 0.04485 0.04975 0.07522 0.22036

200 1.060 0.11077 0.12465 0.19294 0.46991

300 0.833 0.13997 0.15826 0.24532 0.56110

Cop per

100 3.660 0.03292 0.03660 0.05604 0.19349

200 1.280 0.08627 0.09797 0.15704 0.42138

300 0.946 0.11437 0.13067 0.21066 0.52543



sev eral tar get ma te ri als. In this pa per we ex plore the
pos si bil ity to pres ent the to tal num ber albedo of pho -
tons for oblique in ci dence as uni ver sal func tion of the
ra tio of to tal cross-sec tion of pho tons and ef fec tive
atomic num ber of tar get ma te rial m/Zeff.

Fig ures 4 to 7 pres ent graph i cally the de pend -
ence of the to tal num ber albedo on the pa ram e ter m/Zeff

for sev eral dif fer ent an gles of pho ton in ci dence (q0 =
=.10°, 30°, 60°, and 90°). The en ergy de pend ent val -
ues for m are taken from the ref er ence [12].

Fig ures 4 to 7 gen er ally con firm the uni ver sal
be hav ior of the to tal num ber albedo of pho tons aN for
oblique in ci dence, when pre sented as a func tion of
m/Zeff.
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Fig ure 1. To tal num ber albedo for 100 keV pho tons

Fig ure 2. To tal num ber albedo for 200 keV pho tons

Fig ure 3. To tal num ber albedo for 300 keV photons

Fig ure 4. To tal num ber albedo of pho tons as a func tion of
m/Zeff for in ci dent an gle of 10°

Fig ure 5. To tal num ber albedo of pho tons as a func tion of   
m/Zeff for in ci dent an gle of 30°

Fig ure 6. To tal num ber albedo of pho tons as a func tion of   
m/Zeff for in ci dent an gle of 60°

Fig ure 7. To tal num ber albedo of pho tons as a func tion of   
m/Zeff for in ci dent an gle of 90°



Uni ver sal func tions, which suc cess fully de -
scribe the to tal num ber albedo of pho tons for all the
ma te ri als and ini tial pho ton en er gies E0 an a lyzed, have 
been pro posed. The com mon form of these uni ver sal
func tions for all the an a lyzed an gles of pho ton in ci -
dence q0 is pre sented in eq. (1), while the co ef fi cients
of the func tion for dif fer ent an gles of pho ton in ci dence  
q0, de ter mined by fit ting the re sults of the nu mer i cal
MCNP sim u la tions to a sum of ex po nen tial terms, are
given in tab. 2,
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Agree ment of the MCNP re sults (points pre -
sented by dif fer ent sym bols) and the val ues pre dicted
by the uni ver sal “fit” curves is better for smaller an gles 
of oblique in ci dence, but is quite good even for very
large an gles. Al most all the MCNP re sults are within
5% dis crep ancy from the ex po nen tial “fit” curve for
the pho ton in ci dence an gles up to 60°. For larger in ci -
dence an gles dis crep an cies are higher, but again
within 10% for most of the points. The max i mal dis -
crep ancy is 15% for iron at E0 = 100 keV and  q0 = 90°.

CON CLU SIONS

Based on the Monte Carlo sim u la tions of pho ton
trans port, in te gral par ti cle re flec tion co ef fi cient of
pho tons (to tal num ber albedo) was de ter mined for dif -
fer ent tar get ma te ri als and for oblique pho ton in ci -
dence in the do main of ini tial pho ton en er gies up to
300 keV. Uni ver sal be hav ior of this co ef fi cient was
dem on strated when it is pre sented as a func tion of the
pa ram e ter m/Zeff. Uni ver sal func tions that suc cess fully 
de scribe the par ti cle re flec tion for all the ma te ri als, an -
gles of in ci dence and ini tial pho ton en er gies have been 
found. This con firmed that the uni ver sal be hav ior of
the to tal num ber albedo of pho tons, pre vi ously found
for nor mal pho ton in ci dence, is also valid for oblique
in ci dence.
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Ta ble 2. Co ef fi cients C1 to C6 of the uni ver sal func tions
for to tal num ber albedo for dif fer ent an gles of pho ton
in ci dence  q0

q0 [°] C1 C2 C3 C4 C5 C6

10 0.0171 0.3978 –0.00292 0.3148 0.1460 1.6077

30 0.0213 0.3887 –0.00160 0.3012 0.1841 1.4317

60 0.0311 0.3356 0.00855 0.2578 0.3385 1.3343

90 0.0499 0.1360 0.04905 0.1434 0.6784 2.1307
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INTEGRALNI  ^ESTI^NI  KOEFICIJENT  REFLEKSIJE  ZA  KOSI
UPAD  FOTONA  KAO  UNIVERZALNA  FUNKCIJA  U  OBLASTI

PO^ETNIH  ENERGIJA  DO  300 keV

U radu su prikazani rezultati prora~una i analiza integralnog ~esti~nog koeficijenta
refleksije fotona pri kosom upadu na ravne mete, u oblasti po~etnih energija fotona od 100 keV do 
300 keV. Rezultati se zasnivaju na Monte Karlo simulacijama refleksije fotona od vode, betona,
aluminijuma, gvo`|a i bakra, obavqenim MCNP programom. Za sve analizirane za{titne
materijale u izabranoj energetskoj oblasti, uo~eno je da se integralni ~esti~ni koeficijent
refleksije univerzalno pona{a – kada je prikazan kao funkcija odnosa totalnog preseka fotona i
efektivnog atomskog broja materijala mete. Odre|ene su analiti~ke formule za razli~ite uglove
upada fotona koje opisuju refleksiju fotona od svih analiziranih materijala i za sve odabrane
energije.

Kqu~ne re~i: foton, ~esti~ni koeficijent refleksije, kos upad, MCNP pro gram


